Depressed cardiac pump function is the hallmark of congestive heart failure, and it is suspected that decreased influx of Ca> into the cardiac cell is responsible for depressed contractile function. Since Ca2' channels in the sarcolemmal membrane are considered to be an important route for the entry of Ca2+, we examined the status of Ca2+ receptors/channels in failing rat hearts after myocardial infarction of the left ventricular free wall. For this purpose, the left coronary artery was ligated and hearts were examined 4, 8, and 16 weeks later; sham-operated animals served as controls. Hemodynamic assessment revealed decreased total mechanical energy (left ventricular systolic pressure X heart rate), increased left ventricular diastolic pressure, and decreased positive and negative dP/dt in experimental animals at 4, 8, and 16 weeks. Although accumulation of ascites in the abdominal cavity was evident at 4 weeks, other clinical signs of congestive heart failure in experimental rats were evident from the presence of lung congestion and cardiac dilatation at 8 and 16 weeks after induction of myocardial infarction. The density of Ca2' receptors/channels in crude membranes, as assessed by [3H nitrendipine binding assay, was found to be decreased in the uninfarcted experimental left ventricle at 8 and 16 weeks; however, no change in the affinity of nitrendipine was evident. A similar depression in the specific binding of another dihydropyridine compound, [3HI PN200-110, was also evident in failing hearts. Brain and skeletal muscle crude membrane preparations, unlike those of the right ventricle and liver, revealed a decrease in Ca2' receptors/channels density in experimental animals at 16 weeks. Reduction in the Ca2+ channel number was also seen in heart homogenate as well as purified sarcolemmal preparations from failing animals at 16 weeks. These data support the view that mechanisms governing the entry of Ca2' in the myocardium may be depressed in moderate to severe stages of congestive heart failure, and such changes may be a consequence of events occurring during the development of congestive heart failure. (Circulation Research 1990;66:782-788) D isturbances in Ca>2 metabolism are suspected to be involved in a wide variety of experimental models of heart disease.1-3 Ca2+ entry to the interior of the myocardium is believed to occur mainly via voltageor receptoroperated calcium channels located in the sarcolemmal membrane,4 and it has been shown that the functional status of these Ca' channels in the cell can be monitored by determining the specific binding of Ca2+ antagonists.5 Reports of increased density of Ca>2 channels/receptors in crude membrane preparations from hearts of genetically cardiomyopathic
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Materials and Methods Experimental Model
Myocardial infarction was produced in male Sprague-Dawley rats (200-250 g) by occlusion of the left coronary artery as described by Johns and Olson10 and as modified by Selye et al. ' 1 After the animals were anesthetized with ether, the skin was incised along the left sternal border, the fourth rib was cut proximal to the sternum, and retractors were inserted. The pericardial sac was perforated, and the heart was exteriorized through the intercostal space. The left coronary artery was ligated approximately 2 mm from its origin with a suture of 6-0 silk, and the heart was repositioned in the chest. Throughout the course of the operation, rats were maintained on a positive-pressure ventilation system delivering a mixture of 95% 02-5% CO2 mixed with ether. Closure of the wound was accomplished by a purse-string suture. The mortality of all animals operated on in this fashion was approximately 35% within 48 hours. Sham-operated animals were treated similarly except that the suture around the coronary artery was not tied. Animals were allowed to recover, received food and water ad libitum, and were maintained for a period of 4, 8, and 16 weeks before hemodynamic and biochemical assessment.
Hemodynamic Studies
After 4, 8, or 16 weeks of operation, the animals were anesthetized with an injection of sodium pentobarbital (50 mg/kg i.p.). To maintain adequate ventilation, the trachea was intubated, the right carotid artery was exposed, and a microtip pressure transducer (model SPR-249, Millar Instruments, Houston, Texas) was introduced through a proximal arteriotomy.12'3 The catheter was advanced carefully through the lumen of the carotid artery until the tip of the transducer entered the left ventricle. The catheter was secured with a silk ligature around the artery, and readings were taken from a dynograph recorder (model R511A, Beckman, Fullerton, California). Left ventricular pressures, heart rate, rate of contraction (+dP/dt), rate of relaxation (-dP/dt), and arterial systolic and diastolic pressures were recorded.
Crude Membrane Preparation
Rats were killed by decapitation and their hearts were removed. The atria, connective tissue, and right ventricle were trimmed away, and the remaining left ventricle was processed for the preparation of membranes according to the method described by Wagner et al.5 In all experimental animals, the uninfarcted ventricular tissue was used after removing the scar. In some experiments, the gastrocnemius muscle, the brain cortex, liver, and right ventricle were also processed for the preparation of crude membranes. Briefly, the tissue was washed, minced, and then homogenized in 50 mM Tris-HCl, pH 7.4 (15 ml/g tissue) with a PT-20 polytron (Brinkman Instruments, Westbury, New York; two times, 20 seconds each, setting 5). The resulting homogenate was centrifuged at 1,000g for 10 minutes, and the pellet was discarded. The supernatant was centrifuged at 48,000g for 25 minutes. The resulting pellet was resuspended and centrifuged twice in the same buffer at the same speed; the final pellet was resuspended in 50 mM Tris-HCI, pH 7.4. This preparation has been commonly used by various investigators for studying receptor mechanisms in the cell.
Preparation of Cardiac Sarcolemmal Membranes
Purified light sarcolemmal membrane fraction was isolated from left ventricular tissue according to the method of Pitts,'4 and the heavy sarcolemmal membranes were isolated by the hypotonic shock/lithium bromide method.15 All isolation steps were carried out at 0-4O C, and membrane fractions were frozen immediately after isolation in liquid N2 and stored up to 3 weeks at -80°C before binding studies. Such freezing of membranes had no effect on the binding values. Protein concentration of all membranes was determined by the method of Lowry et al. 16 [ (Table 1) . Specifically, evidence of cardiac hypertrophy in experimental animals was noted by the increased mass of the remaining viable left ventricle as well as right ventricular myocardium. Furthermore, left ventricle/body weight ratio was increased and the accumulation of ascites in the abdominal cavity was evident in the experimental animals. Congestion of lungs in experimental animals was noted by increased wet lung weight and wet/dry lung weight ratio. Although no difference in liver weight or wet/dry liver weight ratio between sham-operated and experimental animals was seen, the livers of experimental animals had rounded edges and yellowish coloration. Signs of clinical congestive heart failure were also evident in experimental rats 8 weeks after myocardial infarction, but the hearts of these animals were hypertrophied to a lesser extent than were those of the 16-week experimental group. No difference in the scar weights of the left ventricular free wall was seen among the 4-week, 8-week, or 16-week experimental groups. At a period of 4 weeks after surgery, the experimental animals were not significantly different from the sham-operated animals in any of the parameters indicated above except in the accumulation of abdominal ascites (Table 1 ).
Hemodynamic Parameters
Assessment of hemodynamic performance of the 16-week experimental group revealed decreases in mean arterial pressure, left ventricular systolic pressure, left ventricular end-diastolic pressure, +dP/dt, -dP/dt, heart rate, and the total mechanical energy output of these hearts ( Table 2 ) as compared with sham-operated animals. Physical examination of the chest cavity of experimental animals immediately after decapitation revealed greatly enlarged hearts when compared with those of sham-operated animals. A marked reduction in heart rate and left ventricular systolic pressure was present in the 16-week experimental group; these animals were considered to be in a severe stage of failure. Although the 8-week experimental group did show significant reductions in many of the hemodynamic parameters observed in the 16-week experimental group, these changes were lesser in magnitude, which indicated that these animals were in a moderate stage of failure. Mean arterial pressure, heart rate, and left ventricular systolic pressures were unchanged in the 4-week experimental group; however, left ventricular diastolic pressure, +dP/dt, -dP/dt, and total mechanical energy output were reduced; thus, it appears that these animals were at an early stage of heart failure.
[3H]Nitrendipine Binding in Congestive Heart Failure Specific binding of [3H]nitrendipine was significantly reduced in the unscarred left ventricular myo- cardium in experimental animals 16 weeks after infarction of the left ventricular free wall ( Figure 1 and Table 3 ). Figure 1 shows the saturation curves and Scatchard plots of [3H]nitrendipine binding with crude cardiac membranes from control and experimental animals. Although two populations of [3H] nitrendipine binding sites were detected in left ventricular preparations (high and low affinity), no changes in [3H]nitrendipine binding characteristics (Kd and Bma,) of the low-affinity population were observed between control and experimental preparations. The data revealed that Bmax was decreased in animals suffering from congestive heart failure without any change in Kd (Table 3 ). It can also be seen from Table 3 that the [3H]nitrendipine binding in failing heart was also decreased when homogenate was employed for the assay. Table 4 illustrates the binding data of left ventricular preparations from control and experimental animals at different times after the induction of myocardial infarction. Both (Table 4 ). Figure  2 shows that the nonspecific binding of [3H]nitrendipine to membrane preparations of left ventricle from control and 16-week experimental animals was similar when bound [3H]nitrendipine was maximally displaced with high concentrations of unlabeled nifedipine; no further decrease in the total [3H]nitrendipine binding was seen when 5-10 buM unlabeled nifedipine was used in the incubation medium.
To determine whether changes in [3H]nitrendipine binding with failing hearts were of a specific nature, we prepared the medial gastrocnemius (skeletal) muscle, brain cortex, cardiac right ventricle, and liver membranes from controls and 16-week experimental groups. In brain and skeletal muscle preparations, the density of [3H]nitrendipine receptor sites was significantly decreased in the experimental animals when compared with control, with no change in Kd (Table 5 ). Right ventricle and liver preparations of control and experimental groups were not changed with respect to receptor Bm,, or Kd (Table 5 ).
[3H]Nitrendipine binding characteristics of two types of purified sarcolemmal membranes1415 were also compared to rule out the possibility of any artifacts ( Table 6) . No difference in protein yield between experimental and control groups was seen in each of these membrane preparations. Similarly, the Kd was unchanged in both types of preparations from the experimental and control left ventricles, whereas the [3H]nitrendipine receptor density was significantly decreased in these membranes from the 16week experimental group. To test whether the observed changes in failing hearts were limited to the [3H]nitrendipine binding, another radioligand ([3H]PN200-110) was used to study the binding characteristics. Scatchard plot analysis of [3H]PN200-110 binding to homogenate and crude membrane fraction derived from the 16-week sham-operated and experimental groups is given in Table 7 . A reduction in the receptor density without any changes in Kd was evident in failing heart homogenate as well as crude membrane preparations.
Discussion
Congestive heart failure secondary to myocardial infarction of the left ventricular free wall has been Enifedipine] pM reported to occur in rats after surgical ligation of the left coronary artery.17-20 Animals with large healed infarcts were reported to show characteristic rightward movement on the pressure-volume relation (ventricular dilatation), elevated left and right filling pressures, and signs of pulmonary edema. [18] [19] [20] In this study we have examined changes in cardiac function during the course of 16 weeks from the induction of myocardial infarction to investigate the possibility of graded heart failure. We are able to confirm the presence of an early stage of failure and moderate failure in the 4-and 8-week experimental groups, respectively; severe congestive heart failure was present in the 16-week experimental group. This classification of varying degrees of heart failure subsequent to myocardial infarction in rats was based on our observations regarding general characteristics of the experimental animals and hemodynamic data. However, it is understood that such a categorization is arbitrary and is meant to examine the relation between different degrees of heart failure and biochemical alterations. Although we have demonstrated that a progressive loss of cardiac function in congestive heart failure was paralleled by a significant decrease in Ca2' channel density at 8 and 16
weeks after induction of myocardial infarction, it should be noted that alterations in heart function seen at 4 weeks were not accompanied by any Depression in Ca24 channel density as monitored by [3H]nitrendipine binding in failing hearts was not only seen in crude membrane fraction, which is commonly used for the detection of these receptor sites, but it was also evident in heart homogenate as well as purified sarcolemmal preparations obtained by two different methods. Furthermore, such changes were also seen when another radioligand, [3H]PN200-110, was employed. It should be pointed out that the observed decrease in Ca24 channel density in failing heart was not due to any alterations in the nonspecific binding of the radioligands because values for the nonspecific binding of 3H-Ca2+ antagonists in control and failing heart preparations were not different from each other. Because hypertrophy of the right ventricle in experimental animals did not exhibit any changes in Ca2+ channel density, myocardial hypertrophy of the left ventricles cannot be considered to account for the observed changes in [3H]nitrendipine binding. The decrease in Ca2+ channel density in the failing left ventricle was not specific because a marked depression in [3H]nitrendipine binding with brain and skeletal muscle from the experimental animals was also seen. Since [3H]nitrendipine binding densities in right ventricular and liver preparations from animals with congestive heart failure were not decreased, it is unlikely that the observed decrease in Ca2+ channels is due to a generalized down-regulation of these sites caused by some circulating hormones and other factors in congestive heart failure. Thus, the exact mechanisms for the observed decrease in Ca2+ channel density are far from clear; however, it can be argued that such changes are due to functional ischemia commonly seen in congestive heart failure.21 This view is supported by the fact that both myocardial ischemia and hypoxia-reoxygenation were reported to result in a depression of Ca2' channel density. 8, 9 Since Ca2' channels in the cell membrane are considered to play a critical role in the proper functioning of the excitation-contraction coupling in the myocardium,222 a loss of functional Ca21 channels at moderate and severe stages of heart failure can cause a derangement of cardiac function. On the other hand, various vasodilator substances such as nitroglycerin, hydralazine, and captopril, which may not have any direct effect on the myocardium, have been shown to exert a beneficial effect in congestive heart failure2023,24; this is considered to be due to a reduction in the afterload imposed on the heart.
Furthermore, the use of Ca2' antagonists in congestive heart failure is controversial23-28 despite their marked vasodilator effect, which results in lowering the afterload on the failing hearts. Such a controversy may be due to the varying degrees of the negative inotropic effects of Ca2' antagonists in view of the differences in the Ca21 channel densities observed at different stages of heart failure. It should be pointed out that a decrease in the sensitivity of failing heart to extracellular Ca2' has been demonstrated in this experimental model17 and this can be seen to be due to the observed decrease in Ca21 channel density. Data are expressed as mean±SEM of eight experiments. The light sarcolemmal preparation was obtained by the sucrose density gradient method, whereas the heavy sarcolemmal preparation was obtained by the hypotonic shock-lithium bromide'5 treatment method. Uninfarcted tissue from the left ventricle of failing rat hearts 16 weeks after induction of myocardial infarction was used.
Kd, dissociation constant; Bma,,, maximal density. *p<0.05. Values are mean±SEM of six experiments. Uninfarcted tissue from the left ventricle of failing rat hearts 16 weeks after induction of infarction was used. Kd. dissociation constant; B..,,X, maximal density. *p<0.05.
However, changes in the Ca'~channel density may be only one of several mechanisms responsible for disturbance of Ca'~movements in the failing heart,1,2 and thus it is not our intention to rule out other molecular abnormalities to explain cardiac dysfunction in congestive heart failure. Nonetheless, a depression in Ca 21 channel density would result in a decrease in Ca'~influx in myocytes in moderate to severe degrees of failing hearts, and under these conditions, therapeutic applications promoting the entry of Ca 21 through mechanisms other than Ca>' channels would be beneficial in congestive heart failure.
